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DEVELOPMENT OF A RADIO-FREQUENCY TRANSPARENT

ENERGY-ABSORBING STRUCTURAL ELEMENT

ABSTRACT )Z 7./,7,7[
An experimental investigation has been conducted to develop highly

efficient energy-absorbing structural elements from radio—frequency trans—
parent materials. The materials were evaluated using two types of energy
sbsorption processes; the fragmenting tube and the crushing of honeycomb
and foamed materials. Plastic reinforced glass fabric tubes, employed in
the fragmenting tube process, yielded specific energies of 28,400 and
12,300 ft—1b/1b for fabric orientation in the longitudinal and hoop dir—
ections respectively. The crushing of nylon—phenolic honeycomb yielded

a value of specific energy of 14,400 ft-1b/l1b for a 3/16 inch cell size,
9.0 lb/ft3 density, and with a usable stroke of 80% of initial length.
Radio frequency transmission losses were well within acceptable limits for

the specified 100 to 2000 megacycle frequency range investigated. /2“252’1’
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SUMMARY
An investi‘gation was made to determine the efficiency of radio frequency
transparent material deformation type energy absorption structural elements
applicable to spacecraft landing systems. Requirements limited efficiencies
to values greater than 10,000 ft-1b/1b of material and impact load factors
ranging from 50 to 1000 earth g-units. Preliminary investigations were con-
ducted on the highly efficient process of tube fragmenting over a die using
unreinforced and reinforced plastic tubes. Tests were also conducted on the
crushing of nylon phenolic honeycomb of several cell sizes, syntactic foam
and nylon phenolic honeycomb.
The results indicated the same high efficiency for reinforced plastic tubes as
had been shown for aluminum tubes fragmented over steel dies. The most
efficient tube was tape wrapped using longitudinally oriented 143 E glass
fabric and an epoxy resin system. The orientation of the fabric is significant
resulting in efficiencies of 28,400 and 12, 300 ft-1b/1b of material for longitu-
dinal and hoop direction orientations, respectively. The bi-directional 181
fabric with the same resin system produced more reliable results with an
efficiency of 23, 800 ft-1b/1b of material without splitting as occurred in 143
fabric tubes. Another highly efficient structural element is 3/16-in. cell-
size nylon phenolic honeycomb, which tested to values of 14,400 ft-1b/1b of
material, for 80% usable stroke. In both the tube and honeycomb elements
an ideal load stroke graph was produced by the tests with no initial peaking
and no sharp oscillations of the load with stroke for full deformation. Radio
frequency transparency evaluations for crushed and uncrushed elements es-
tablished that the fragmented tube and crushed honeycomb processes were
the lowest in transmission loss and were well within acceptable limits for the

specified 100 to 2000 megacycle frequency range investigated.



INTRODUC TION
.

Energy absorption systems which are reusable, such as sho%k ab-
sorbers, springs, and other systems, have been in use for a considerable
period of time. The more stringent requirements for energy absorption
systems used in the landing impact of spacecraft have resulted in intensive
research in single-application energy absorption systems which meet weight,
volume, and environment limitations. Additional requirements for landing
systems now include the transmission of radio frequency signals through the

energy absorption system before and after landing impact.

Single application energy absorption systems which have been in-
vestigated for spacecraft landing use include: the compression of a gas in
landing bags; the acceleration of a fluid or other mass; friction devices;
chemical energy; and the mechanical deformation of material or structure.
One of the most efficient processes in the mechanical deformation category
is the energy absorption system which employs frangible metal tubing as the
working element. Other mechanical deformation systems of interest are
crushable honeycomb elements and crushable foam materials. These three
types of mechanical deformation systems; i.e., the fragmenting of a tube,
the crushing of honeycomb, and the crushing of foamn material, have been
evaluated in this program, considering non-metallic materials which are

radio frequency (rf) transparent before and after crushing.

The principal objective of this program effort has been the develop-
ment of efficient energy absorbing structural elements which are rf trans-
parent before and after crushing. The three element types to be investigated
are the nonmetallic tubes, honeycomb, and foams according to the following

requirements:




The structural characteristics shall be predictable and
reRroducible.

The specific energy obtained from the material through the
‘energy-absorbing process shall be a minimum of 10,000 ft-1b/lb.

The ability of the process to accommodate varying sizes shall
be demonstrated and the variation of the force supplied by the
process with geometric and material parameters shall be
determined.

The method of fabrication of the energy-absorbing elements
shall be defined.

An analysis shall be accomplished of the energy-absorption
process for determining, within engineering accuracy, the

force supplied by the process as a function of the pertinent
parameters.

The radio frequency range of interest in this application is
100 megacycles to 2000 megacycles.

The material employed shall have a dielectric constant within
the range of 1.0 to 10.0 and a loss tangent within the range of
0.03 to 0.05.

The load range of interest depends upon the particular
application and it is felt that many applications would be en-
compassed by objective 3 of these requirements. However,
loads from 50 to 1000 earth g-units would have considerable
application.
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SYMBOLS

Specific energy, ft-1b/lb

Tube diameter, in.

Tube thickness, in.

Forming radius of die, in.
Element weight, 1b

Element length, in.

End fixity

Shape parameter

Axial load, lb.

Displacement, in.

Young's modulus, psi

Poisson's ratio

Shear modulus, psi

Strain, in/in.

Fragmenting stress, ksi

Average crushing stress, ksi
Ultimate tensile stress, ksi
Ultimate compressive stress, ksi
Ultimate shear stress, ksi
Honeycomb foil gage thickness, in.

Hioneycomb cell size, in.




a®

ol

Honeycomb geometric folding parameter
Material density, lb/ft3

Honeycomb core density, 1b/ft3
Required honeycomb area, in

Average crushing load, 1b.

Volume of element, in

Acceleration, ft/sec

Vehicle mass, slugs

Vehicle weight, 1b.

Impact velocity, ft/sec

Impact load factor acting along flight path axis, g's

Usable stroke, in.
Number of tubes

Spherical angle of impact absorption material
effectiveness, degrees

Sample radio frequency insertion loss, db
Input power level, dbm

Output power level, dbm

Reflected power level, dbm

Relative absolute complex dielectric constant
Real relative dielectric constant

Relative loss factor



tan

Loss tangent
Quality factor
Operating wavelength, meter

Relative compound dielectric constant of a mixture
of two materials




MATERIALS SELEC TION

General Considerations. - The efficiency of a material-deformation-
&

type of energy absorption process is a function of material properties and

element geometry. There are three types of elements which are considered
in this evaluation: the frangible tube, the crushable honeycomb, and the
crushable foams. Selection of materials for each of these types of elements
requires an evaluation of detail geometric variables: 1) in the tube frag-
menting process, 2) the honeycomb crushing and folding of the cell walls,
and 3) the foam crushing or crumbling characteristics. This program has
two primary requirements for these types of elements which limit the use
of effective materials and processes which have been used before; they are
a specific energy absorbing capability of 10,000 ft-1b/lb minimum, and a
radio frequency transparency between specified limits before and after the

elements have been used for energy absorption.

A review of previous investigations in mechanical deformation
elements provided some indication of material mechanical properties
desired in the rf-transparent elements. Figure | compares the relative
efficiency of mechanical deformation types of energy-absorption systems
based on previous investigations. The 2024-T3 aluminum alloy tubing
material when fragmented over a die is shown to be the most efficient, with
a value of 31,000 ft-1b/1b. The tube fragmenting process is shown to be
much more efficient than the most frequently used single-application type
structural elements such as balsa wood, aluminum honeycomb, or pressur-
ized thin-walled metallic cylinders. This high tube-fragmenting efficiency
is achieved by working the 2024-T 3 material to 90% of the compressive
yield. Other limiting parameters for the tube are a diameter/wall thickness
ratio which does not cause local crippling of the tube, and column length
properties which are not critical. These characteristics would also be a

primary consideration in the selection of non-metallic tubing materials.
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The aluminum honeycomb shown in Figure 1 would not qualify for
the 10, 000 ft-1b/1b efficiency restriction considered in this investigation.
Significar}lt parameters for honeycomb crushing have been investigated
and have been shown to be the yield strength of the material and the ratio
of the core foil gage to the cell size. The smallest cell size for the 3003-
H38 honeycomb core material presented is not included in the comparison
and would improve the efficiency. The material yield strength of 5052-H38
aluminum alloy core material is 37,000 psi compared to 27, 000 psi for the
3003-H38. This material property improvement would result in consider -
able efficiency improvement and is a primary consideration in the
selection of non-metallic honeycomb core materials. The foam efficiency
curves are also shown to be below the minimum 10, 000 ft-1b/1b require-
ment; however, new types of foam are available with considerable increase

in crushing strength efficiency.

An important additional consideration in energy absorption elements
development is the shape of the load deformation curve. An ideal shape is a
uniform load with deformation; i.e., a rectangular shaped graph. The actual
shape of the three element types to be considered in this program is pre-
sented for fragmented aluminum tubes, crushed aluminum honeycomb, and
crushed polyurethane foam in Figure 2 based on the results of previous
investigators. The highly efficient 2024-T3 aluminum alloy tubing is shown
to have an initial sharp peak force which is up to one third more than the
average fragmenting force. The actual fragmenting force over the full range
of deformation is an oscillating value not shown in the graph. Figure 2
also shows that a tapered wall thickness at the end of the tube alters this
initial peak force, and that pre-fragmenting the end of the tube also reduces
this peak force, but both of these methods cause a loss in total load stroke
area. An additional characteristic of the fragmenting tube which is shown

by these curves is that it may be fragmented for its full length.
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The aluminum honeycomb curve also has an initial peak stress which
is twice the average crushing stress; this too can be removed by pre-
crushing. ,There are smaller fluctuations in crushing stress than in the tube
fragmenting load fluctuation for the entire stroke except for a peaking of
stress again at 75% of the total honeycomb element length; this results in a

usable stroke limitation for honeycomb.

The foam element load deformation shape requires a reasonably high
stress level before the material yields to a constant stress with deformation
until about 60% of the total length is reached at which point the stress begins
to rapidly rise to a '"solid height' value. Foam element load deformation
curves are like the honeycomb element curves in that both are limited by
an effective length of stroke but the foam curve does not start with a sharp

peak.

Candidate RF-Transparent Fragmenting Tube Element Materials. -

Candidate materials considered for this program are in two categories:
purchased unreinforced plastic tubes and reinforced tubes, and fabricated
glass-fiber reinforced plastic tubes. The unreinforced tubes were made
from vinyl and high-impact polystyrene. The purchased reinforced tubes
consisted of a phenolic resin system with cotton fabric reinforcement. The
first glass-fiber-reinforced tubes to be fabricated were with phenolic resin
so that a comparison could be made with the purchased cotton-reinforced
phenolic tubes. Additional fabricated tubes were made using hand layup
methods and polyester resin. Epoxy resin was substituted for a few tubes.
Different types of fabric weaves and direction of fabric layup with respect
to the hoop and longitudinal direction of the tube were also included in the

variety of tubes fabricated.

The selection of a material for tube fragmenting tests which is also
capable of meeting the radio frequency transparency requirements limits

selection to non-metallics. The most promising of the non-metallic

11



materials when considered on a strength/density basis are the glass-fiber-
reinforced plastic (GRP) laminates. In a discussion of the energy absorp-
tion efficiency curves, Figure 1, the 2024-T3 tube material achiev"ed high
efficiency by working to 90% of the 42,000 psi compressive yield strength.
Table I provides a comparison of the properties of this isentropic aluminum
alloy with the most efficient epoxy resin system glass-fiber-reinforced
laminate material for two fabric weaves. Since this latter material is
orthotropic, strength in the 0 degree and 90 degree directions must be
considered and the directional strength at other angles is also important for
cross lamination. Figures 3 and 4 present angular strength and stiffness
properties for cotton-reinforced phenolic, polyester with glass reinforcement,
and epoxy with glass reinforcement for the bi-directional-strength 181 fabric
weave and for the unidirectional-strength 143 fabric. The epoxy resin system
with 181 fabric reinforcement is shown to have a strength comparable to the
2024-T3 aluminum alloy in compression; however, the density is two thirds

that of aluminum alloys.

Also shown in Figures 3 and 4 are the straight-line-type-stress-
strain curves and the almost linear tangent modulus curves. These tangent
modulus curves for 181 fabric and 143 fabric with an epoxy resin system
have been replotted in Figure 5 for comparison with metals. A practical
limitation for the geometry of tubes used in tube-fragmenting energy-
absorption applications is its Euler column strength which is also dependent
on the material tangent modulus. Figure 6 is an optimum column weight
efficiency comparison of stable section columns of epoxy resin system GRP
columns for two fabric weaves compared with metallic materials. The
GRP material is seen to be competitive with the best metallic materials, and

therefore column limitations would not be critical for GRP framenting tubes.

Preliminary Fragmenting Tube Tests.- A preliminary fragmenting

tube test program was conducted on unreinforced and reinforced non-metallic

candidate materials fabricated as tubes in order to indicate the most

12
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Figure 4,

Directional Strength and Stiffness of Reinforced
Plastic LLaminates with Epoxy Resin Systems
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promising materials for the program. Figure 7 shows the fragmenting
process of a'tube on the die for a longitudinally orientated GRP laminate
using 143 fabric weave. The dies were fabricated from mild steel or cast
from an epoxy resin system to the shape shown in Figure 7. The die guide
shaft is one-inch long with the end rounded to eliminate gouging of the tube
walls. The diameter of the die is made approximately 0.004 inch smaller
than the inside diameter of the tube, and the transition between the shaft

and the forming groove section of the die was smooth.

Preliminary test evaluations were conducted on the 12,000-1b
capacity universal testing machine at a rate of loading of 1.0 inch
per minute. Automatic load deformation plots of each test were recorded
and the test specimens were weighed before and after each test to be used
in the calculation of the specific energy absorption. Figure 8 shows typical
candidate 1.0-inch diameter tubing after tests. The unreinforced tubing has
a stress-strain curve shape which is similar to the load deformation graphs
for foamm materials; i.e., the materials have a definite yield point and a
considerable elongation under steady stress until failure. This material
characteristic for vinyl as shown resulted in the failure of these tubes to
commence fragmenting even when split longitudinally at intervals before
testing. The polystyrene material shattered in each test almost as though
it were a solid glass tube material. The phenolic resin reinforced with
cotton fabric also shattered as shown and repeatedly resisted fragmenting
when tests were conducted on the various dies shown in Figure 9. When
the hand layup phenolic resin system reinforced with 181 E glass fabric was
tested, good fragmenting action was observed. Since polyester material
properties are interchangeable with the phenolic resin according to MIL-
HDBK-17, further tubing tests were conducted with the lower cost polyester
resin system. Figure 10 illustrates the good fragmenting action of a poly-

ester resin system tube reinforced with 181 E glass fabric.

17
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Figure 10.

Typical 1.0 Inch I, D. 0.040 Wall Polyester Resin with
181 "E'" Glass Fabric Fragmenting Tube Sequence
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The results of the preliminary tube tests for the reinforced plastic
laminated tubing are shown in Table II. Except for the four tubeAs noted,
which were fabricated with epoxy resin systems, the tubing material was
polyester resin with 143 or 181 fabric weave laminated mostly in three or
four plies at 0.01 inch per ply. It will be noted that the tubing size was
limited to a 1. 0-inch diameter. Specific strengths as high as 21,800 ft-
lb/1b were achieved with the polyester resin system. But the highest
values were achieved with the higher strength epoxy resin system, which
resulted in one value of 25,900 ft-1b/1b for a t/r of 0.741. Typical load
displacement graphs are presented in Figure 11 for both unreinforced
tubing which split or did not fragment and for the polyester resin system
reinforced with 181 glass fabric. An outstanding characteristic of the
polyester tube fragmenting load displacement graphs is the absence of an
initial peak load; i.e., the GRP tubing demonstrated a load displacement
graph shape which approached the ideal. The use of epoxy dies which were
considerably lighter than the steel dies was limited because die choking
was experienced due to the low bearing strength of the epoxy, and in some

cases the dies fractured as shown in Figure 9.

22




(121594104 1910 11V) ursay Axodix

0% 082°0 190°0 Sy 1601 18T 1291S 06270 ovT "1 0L0°0
¥6 0s¢°0 190°0 LL 0081 181 19918 002°0 obr "1 0L0°0
8°9 99% 0 190°0 L'L 008T 181 19918 0sT1°0 0%T "1 0L0°0
§'L 00¢°0 ¥s0°0 0°9 0027 181 #2218 00270 021 °1 090°0
9°11 00%°0 $50°0 £'8 0991 181 122315 061 °0 021°1 090°0
'8 00%°0 8¢0°0 9°9 948 181 192318 00T1°0 080 °1 0%0°0
vl ¥ea 0 8¢0°0 S°IT 0061 181 19918 SL0°0 0e0°1 0%0°0
8°0T 00%°0 620°0 L6 0s6 181 129315 SL0°0 09071 0¢0°0
6°8 00€°0 620°0 L'L 06l 181 1991S 001°0 0901 0¢0°0
961 009°0 $50°0 881 06Le 181 12918 00T "0 0211 090°0
681 96670 620°0 LA 00691 181 c1s®eld $50°0 090°1 0¢0°0
8 LT 96570 620°0 v°Sl 00¢st 181 1°91S $s0°0 090°1 0¢0°0
2791 96570 620°0 0°¢sT 0s%1 181 19918 ¥<0°0 0901 0¢0°0
191 9660 620°0 vet oo¢ct 181 1°91S ¥s0°0 090°1 0€0°0
0°6l1 955°0 | 620°0 0°91 0SSt 341 19918 $50°0 090°'T | 0£0°0
6°6¢ I¥L°0 8¢0°0 12 008¢ 181 Snuseld ¥s0°0 080°T | x0%0°0
£°1¢ 1$L°0 8¢0°0 8°91 002¢ 181 199215 $<0°0 080 T { %=0¥0°0
812 I$L°0 8¢0°0 €Ll 092¢ 181 oniseld $$50°0 080°1 0%0°0
1°81 I¥L°0 8¢0°0 S PI1 0061 181 12218 ¥S0°0 080°1 0%¥0°0
L el 965 °0 620°0 €01 0001 181 Suseld ¥S0°0 090°1 0¢0°0
1°¢l 966 °0 620°0 €6 006 181 19931S ¥50°0 090°T | %*0¢0°0
(A 41 99570 620°0 I A 0011 181 12918 ¥50°0 0901 | %x0€0°0
0°L1 965 °0 620°0 AR 00¢T 181 12918 $60°0 090°1 0¢0°0
5°8 0Le"0 610°0 0°L 0s¥ 154! 12915 ¥S0°0 0¥0°1 020°0
12N 4| 1#L°0 8¢0°0 L1 2¢ql 154l 12918 ¥50°0 0801 0%¥0°0
£ 11 96670 620°0 €711 00TT1 154l 12918 $S0°0 090°1 0€0°0
9°91 966 °0 620°0 ¢ Ll L4991 1541 1223185 ¥50°0 090 °1 0€0°0
| (1)
m-Aoszuc 1) ass 18y 00104 saeap | rErIolEIN (-ur) (-ur) (-ur)
ds L oFerony | 219 21a x a 3
C1
SAANL ATIIONVYA AdddVIM-ANVH ¥04d SLTASAY LSEAL AYVNIWITIEd °'II ITdV.L

23



pojou se sa1( O1ISelJ Pu® [9931S 1940 pojuswidery

saqnj], o13se(qg snotiep 103 sydean juswedoeidsiyg peo 1eotdAy ‘11 2andig
, NI ¢ INAWIDVIASIA
0°¢ 0°2 0°1 0 0'¢ 0°2 0°1 0
—
0'1 0°1
™ ../q " n 02 1520 = /3 \(.5..1\_)\(\,(4 02
(._.\,.\5 TIVM NI 0¥0°0
& ‘a‘r 'NIO'T ..V
SI4avd 181 SSVTID vHu
q1q AXOdd LEVO or¢  NISI¥ wALSIXTOL | 31 T34L8 0'¢
a1/91-1d 008 ‘12 = 9°3 a1/g1-14 0ot ‘st = 453
‘NI ‘¢ INIAWADVISIA
0°1 0 0°1 0 0°1 0
A1a TAALS /_ d1d TAALS 1A TAFLS
\—g 01 O-._” O-ﬁ
. . TTIVM NI 0¥0°0 ITVM NI 290°0
41:\”5 .Zm Noo.o ‘a1 °NIO'I “d°1 "NIO'I
a’T 'NIO°I OI¥gVd 181 SSVID v du DI¥EVd NOLLOD
"TANIA . NIST¥ DI'TONIHd NISTY DI'TONTHd
0°¢ 0°2 0°2
0°¢ 0°¢ 0°¢

SdIM ‘ADYOJ TVIXV

SdIM ‘ADYO0J TVIXV

ok




Candidate Foam Element Materials. - A survey of the literature

and of matefials produced data that very few foams would qualify for the
minimum specific energy of 10,000 ft-1b/lb requirement. The polyurethane
foams would be useful as a fill material in a honeycomb composite system
but the following rigid foams were the only types which indicated an accept-
able specific strength:

1) A rigid pack-in-place polyurethane foam.

2) A rigid pack-in-place epoxy foam.

3) A rigid ceramic foam.

4) Glass macro-balloons and epoxy resin matrix.
The latter foam system is a combination of bonding agent, epoxy resin,
loaded with glass macro-balloons. The macro-balloons are hollow glass
spheres which in this case are not microspheres since they are 1/8 inch in
diameter. This particular foam system was the most promising because
it was developed as a buoyancy material for deep ocean submergence appli-
cations where high crushing strength and low density are the optimum

requirements.

Preliminary Foam Element Crushing Tests. - A preliminary test

was conducted on a ceramic foam (density of 12-1b/ft3) which might crumble
to powder after crushing and therefore be useful for the radio frequency
transparency requirement after crushing. The estimated specific energy
capability for this material was considered to be too low for use by itself,
but characteristic load deformation curves and the crushed material condi-
tion might indicate its usefulness in combination with a honeycomb material.
Figure 12 shows the test setup for a rectangular element shape. In ali
tests conducted the material first crumbled around the edges at the point

of load application and load built up to a proportional limit which became
rounded, then a sudden drop off of the load was experienced followed by

continued gradual load reduction with stroke.
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At the point of sudden load drop off a specimen such as that shown in

Figure 13 wds examined, and it was determined that the specimen had split.
This splitting action varied with the size of the specimen. Figure 14 shows
two sizes of specimens before and after testing indicating that the material

does crush to a powder but that the specific energy and the shape of the load

deformation curve was not acceptable for further evaluation.

Candidate Honeycomb Materials. - The results of previous investi-

gators had indicated that the specific energy efficiency of honeycomb,
particularly the aluminum alloy honeycomb material, was a function of the
material yield strength and the ratio of core cell size to foil thickness. A
survey of producers of honeycomb indicated that higher specific energy
could be obtained by combining aluminum honeycomb with foam. By making
comparisons of the compressive strengths of aluminum honeycomb with
crushing strength, and by relating the results to the compressive strength
density values of nylon phenolic honeycomb, three sizes of honeycomb in

this material were selected for preliminary tests, as follows:

: 3
1) NP 3/16 -112-9.0; 9.0.1b/{t” density; estimated Esp = 13,600

ft-1b/1b
3
2) NP 1/4 -21-8.0; 8.0 1b/ft” density; estimated E = 11,700
ft-1b/1b P
3
3) NP 3/8 -21-4.5; 4.5 1b/ft” density; estimated E = 5,400

ft-1b/1b. P

The estimates on the specific energy efficiency for the above three honey-
comb elements were based on available compressive strength values which

were divided by two to establish an assumed crushing strength.

Preliminary Honeycomb Element Crushing Tests. - Preliminary

tests were conducted on honeycomb elements in the 12,000-1b capacity test
machine. In some specimens a polyurethane foam was added to evaluate

the characteristics of a composite. The results are tabulated in Table III.

29



TABLE 11I.

PRELIMINARY TEST RESULTS,
NYLON PHENOLIC HONEYCOMB

Cell Size Specimen Foam F E
. . , . f sp
{in. ) Size *Density .3
(in. ) (lb/ft3) (psi) ft-1b(10)
1b
1/4 2-1/4x2x2 - 427 7.7
1/4 2x2x2 6 284 5.1
1/4 1x2x2 6 - -
1/4 1x2x2 4 250 4.5
1/4 l x2x2 4 566 10.2
1/4 Ix2x2 4 595 10.7
1/4 1-1/4x2x2 6 522 9.4
1/4 4x4x2 - 211 3.8
1/4 4x4x2 - 200 3.6
1/4 1 x4x2 - 910 16. 4
1/4 1l x4x2 - 416 7.5
1/4 1/2x4x2 - 278 5.0
1/4 1x4x2 - 921 16. 6
1/4 2x2x2 522 9.4
3/16 4x4x2 - - -
3/8 4x4x4 - 194 6.2
1/4 4x2x2 - 788 14.2
3/8 4x4x4 - 344 11.0
1/4 4x2x2 - 300 5.4
1/4 2x2x2 - 600 10.8
3/16 4x2x2 - 344 5.5
3/16 4x2x2 - 481 7.1
1/4 4x4x2 - 394 7.1

* Polyurethane Foam
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Due to the limited capacity of the test machine, elements of the potentially
most efficient cell size had to be tested in smaller sizes than were con-
sidered to provide useful information, because of the influence of the
boundary cell failure on the total cell failure pattern. The effect of filling
the honeycomb with foam was to improve the efficiency sufficiently to meet
minimum 10, 000 ft-1b/1b strength requirements. It was concluded that all
future specimens should be larger to provide more consistent and more
meaningful results. This decision would require the use of a larger test
machine. Figure 15 shows typical load deformation plots for these pre-
liminary honeycomb tests for unfilled and foam-filled honeycomb. The
foam-filled honeycomb had a definite initial peak and a final buildup at the
end of the stroke. The honeycomb by itself showed no initial peak as was

experienced in the aluminum honeycomb tests.
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SPECIMEN FABRICATION

.

Plastic Tube Fabrication. - The fiberglass-reinforced polyester and

.

epoxy tubes used throughout the test program were fabricated from the

following commercially impregnated glass fabric:

MILIT ARY RESIN FABRIC
SPEC TYPE STYLE
MIL-R-9300 EPOXY 143
MIL-R-9300 EPOXY 181
MIL-R-7575 POLYESTER 181
MIL-R-7575 POLYESTER 143

The materials listed above were selected for tubular test specimen
construction because past experience indicated they were of high and con-
sistent quality. Tubes were fabricated from these materials by two basic

procedures -- hand layup and machine wrap.

Hand Layup. - The hand layup technique consists of cutting a 10-
inch-wide strip of pre-impregnated glass fabric (pre-preg) in sufficient
length to allow for the required number of tube plies. The 10-inch width
may be taken in either the warp or fill direction of the pre-preg, depending
upon the desired fiber orientation in the resultant tube. The 10-inch
edge of the strip of pre-preg is pressed firmly against the surface of a
1. 0-inch diameter steel mandrel which has previously been coated with
release agent. The pre-preg strip is carefully wrapped around the
mandrel the desired number of times to obtain the required tube wall
thickness. Care must be employed during the wrapping to assure a smooth,
tight wrap free of wrinkles and entrapped air. After the desired number
of plies have been wound on the mandrel, the pre-preg strip is cut to a
length which will just allow the bottom edge to overlap the first ply edge by
1/2 inch. One end of the tube is built up by wrapping an additional ten plies

of 1/2 inch wide pre-preg on it; this build-up will serve as a bearing
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surface reinforcement during the stripping operation. The pre-preg layup is
then spiral wrapped with a 1-inch-wide polyvinyl alcohol tape in sych a
manner as to overlap one half of the tape width on each successive turn. The
spiral wrapping procedure is continued the whole length of the mandrél and
then repeated in the same overlapping fashion back along the tube length in
the reverse direction. This results in a double overlapping layer of plastic
film covering the pre-preg layup. The plastic film over-wrap serves as the
method of applying pressure to the plastic layup during the heat curing
operation; the film shrinks under heat and the attendant hoop tension pressure
is applied to the tube during cure. The mandrels are then placed in an air

circulating oven and cured according to the following schedule:

RESIN CURE CYCLE
Polyester 3 hours at 275°F
Epoxy 4 hours at 325°F

After the tube has been cured, the film over-wrap is removed and the tube
stripped from the mandrel. The tube stripping is accomplished by means

of a stripping block, a mandrel punch, and a stripping sleeve. The stripping
block is a thick, flat piece of metal with a 1.00-inch-diameter hole which
slips over the mandrel and bears against the tube at the builtup end. The
mandrel punch is a piece of rod stock having a diameter slightly less than
the mandrel itself. This punch is placed on the end of the mandrel with the
stripping block in position. This assembly, the stripping block, mandrel,
and mandrel punch are placed on the stripping sleeve, which is simply a
1-1/2-inch I.D. pipe 14 inches long. The tube is extracted from the mandrel
by pressing the mandrel into the stripping sleeve with the mandrel punch. The
stripping block is supported by the stripping sleeve and bears against the
tube, thus removing the tubular specimen from the mandrel. The tubes are
then trimmed and the ends squared off by means of a diamond cut-off wheel

and submitted for testing.
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Machine Wrap. - Additional tubes were fabricated by the use of a
tape wrapping machine. As illustrated in Figures 16 and 17, this machine
is normally used to wrap thick section plastic parts used for high temper-
ature env‘ironments, but is equally capable of wrapping thin wall tubes. The

procedure for wrapping these tubes is as follows:

1) Place the mandrel coated with parting agent in the rotary chuck.

2) Press the leading edge of the pre-preg strip against the mandrel
surface.

3} Close the pressure rollers against the mandrel and apply 3000
1b pressure.

4) Start the machine and wind at 20 rpm. Wind the desired number
of plies using moderate tension.

5) Stop the machine and cut the pre-preg so that it overlaps the
first edge of the material strip by 1/2 inch.

6) Restart the machine and run for two minutes maintaining 3000
1b pressure on the pressure rollers.

7) Stop the machine and release pressure from the pressure
rollers.

8) Wind ten additional plies of 1/2-inch-wide pre-preg strips on
one end of the tube.

9) Spiral wrap two layers of polyvinyl alcohol tape on the layup
in a manner similar to that described for the hand layup tubes.
Maintain moderate tension on the tape during winding operation.

10) Stop the machine, remove the mandrel from the chuck, and cure,
trim, and finish in the same manner as the hand layup tubes.

Miscellaneous Specimen Preparation. - In addition to fiberglass-

reinforced plastic tubes, the following types of specimens were also pre-
pared and tested during the program: purchased tubing (thermosetting and
thermoplastic), ceramic foam, epoxy syntactic foam, fiberglass reinforced

phenolic honeycomb, and honeycomb stabilized with syntactic foam.

Tubes. - These plastic tubes were purchased with a nominal 1.D. of

1.0 inch and represent the various types of commercially available tubing.
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Figure 17.

Rollers Provide Controlled Hydraulic Pressure
for Debulking Plastic Material
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The only specimen preparation required was to cut the tubing in column-
stable lengths. These specimens were tested using the same dies used to

test the fabricated tubing specimens. .

Ceramic Foam. - The ceramic foam was purchased in the form of
a rectangular block. Test specimens were cut from this block by means
of a diamond cut-off wheel, employing extreme care to machine opposite

specimen faces parallel.

Epoxy Syntatic Foam. - Syntactic foam used to prepare test speci-

mens was formulated in three different densities by adjustment of the

amounts of the components blended. The components used to formulate
the foam were an epoxy resin matrix and small, hollow glass macro-
balloons. The glass macro-balloons are suspended in a one part epoxy-
based matrix; the glass macro-balloons are hollow, thin-walled resin
spheres ranging in diameter from 0.130-0.180 inch and having a bulk

density of 15.6 1b/ft3- The epoxy resin system requires a heat cure of

5 hours at 200° F followed by 2 ©iours at 300°F. Test specimens were
prepared by two different methods: 1) the specimens were cast to net
dimensions and, 2) the specimens were cut from a large pre-cast block to
net dimensions. Specimens cast to net dimensions had undamaged plastic
spheres throughout the sample while specimens cut from the pre-cast block
had fractured spheres on the machined faces. Both types of specimens were

tested in the program.

Fiberglass Reinforced Phenolic Honeycomb. - Honeycomb specimens
were prepared by sawing standard dimension specimens from a large honey-
comb block. Specimens were prepared and tested in three different cell

sizes - 3/16, 1/4, and 3/8 inch.

Honeycomb-Syntactic Foam. - The composite syntactic foam-honey-
comb specimens were prepared by casting the foam resin in the 3/8 inch cell

size honeycomb specimens. Composite specimens were prepared using two
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different density foam formulations. The foam was heated to lower the
viscosity and allow for pouring of the lower density formulation into the
honeycomb cells. The specimens were then cured according to the manu-

facturer's recommended procedure.

Fabrication of Plastic Dies. - Fabrication of the epoxy plastic dies

was accomplished by using the metal die as the pattern master according to

the following procedure:

a) Coat the metal die with release agent. Also coat the inner
surfaces of a 6 oz dixie cupwith the parting agent.

b) Position the die in the center of the dixie cup and f{ill to a
level covering the die with a silicone elastomer casting
compound.

c) Allow to cure and separate metal die from silicone elastomer
pattern.

d) Coat the molding surface of the RTV #l1 pattern with release
agent #225 and fill cavity with Casting Epoxy.

e) Allow epoxy to cure and remove the cast die from the
silicone elastomer mold,
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MECHANICAL DEFORMATION TESTS

Test Equipment. - The majority of the mechanical crushing tests
and all of the tube fragmenting tests were conducted on the 12,000-1b ‘
maximum-capacity universal test machine (see photograph of fig-
ure 12). This machine is equipped with a ram deflectometer which
measures head travel over 10.0 inches of gage length. The machine is
equipped with an X-Y recorder for graphically recording load-deformation
curves. This machine is also equipped with a load pacer device, a load
cycling mechanism, and constant head travel control from 0- to 20-inches

per minute.

A universal testing machine similar to the one described but
with a 120,000-1b maximum capacity was used for some of the large

load foam and honeycomb tests.

Nylon Phenolic Honeycomb Tests. - A typical nylon phenolic honey-

comb specimen, 4 x 4 x 2, is shown in Figure 18 before and after crushing
tests. Three specimens of 3/8-inch cell size, and three specimens of 1/4-
inch cell size, and three specimens of 3/16-inch cell size were tested by
crushing in the 2-inch depth direction until the load buildup at the end of the
stroke became very steep, indicating the limit of usable stroke. Each
specimen was weighed and this weight was used in conjunction with the area
under the load stroke curve to determine the specific energy absorbing
efficiency. Table IV shows the test results for these specimens. The specific
energy shown calculated contains the usable stroke which is, therefore, a
realistic efficiency evaluation. A higher efficiency could have been cal-
culated than that shown if the actual stroke was used in the calculations. The
results are consistent and bear out the preliminary estimated efficiencies
except in the case of the 3/16-inch cell size which is the only size which
qualifies for the 10,000 ft-1b/1lb limitation. In this cell size the estimated

efficiency was not based on usable stroke limitations and therefore would
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Figure 18,

Test Specimens of (A) Nylon Phenolic Honeycomb (B) Syntactic
Foam Filled with Glass Micro Balloons (C) A Combination of
Specimens (A) and (B), Before and After Testing
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TABLE IV. TEST RESULTS FROM CRUSHING SPECIMENS
OF HONEYCOMB, FOAM, AND FOAM-FILLED HONEYCOMB

Type of Cell Size | Density Usable E
. ; F sp
Specimen (in.) (1b/£t3) Stroke cc -3
(%) (psi)  |ft-1b10) ~
1b
Nylon Phenolic 3/8 4.5 50 225 3.60
Honeycomb 3/8 4.5 50 200 3. 20
3/8 4.5 80 138 3.53
1/4 8.0 75 688 9. 30
1/4 8.0 80 625 9.00
1/4 8.0 75 625 8. 45
3/16 9.0 80 1125 14.4
3/16 9.0 80 1094 14.0
3/16 9.0 80 1125 14. 4
Nylon Phenolic 3/8 28.9 55 1941 5.33
Honeycomb
filled with Syn- 3/8 27.8 60 1915 5.95
tactic Foam and 3/8 31.1 60 1970 5.47
Micro-Balloons | 4,4 29.0 60 1760 5.25
Syntactic Foam N/A 31.6 70 1650 5.26
and Micro- 31.4 70 1650 5. 30
Balloons
32.0 65 2030 5.94
34.2 68 2350 6.73
34.8 65 3050 8.20
34.8 75 2540 7.88
27.4 70 888 3.26
27.4 70 1015 3.74
26.8 70 888 3. 34
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have been a lower value. The actual difference can be attributed to the fact
that plasti¢ honeycomb material has no initial peak load compressive
strengt}}, therefore the compressive strength is also the crushing strength.
Tests were also conducted on four 3/8-inch cell size nylon phenolic honey-
comb specimens of 2 x 4 x 2-inch size filled with syntactic foam of approxi-
mately 32 lb/ft3 density. The results in Table IV show a significant
efficiency improvement over the unfilled 3/8-inch honeycomb but the actual

values were half the minimum required specific energy.

Syntactic Foam Tests.- Nine specimens of syntactic foam material

in groupings of three each of 30, 32 and 35 lb/ft3 density were tested in the
120, 000-1b capacity test machine. The specimens were similar to the one
shown before and after test in Figure 18. It was indicated that the specific
energy efficiency improved with increasing density and was approaching

the minimum acceptable value with a density of 35 1b/ft3.

Discussion of Honeycomb and Foam Results. - A typical load

deformation graph for syntactic foam of approximately 35-1b/ft3 density is
shown in Figure 19. This material peaks sharply at the beginning of the
stroke and then has a two-step load dropoff to a fairly steady load with in-
creasing deformation until the load builds up again rapidly at the end of the
stroke. The usable stroke is limited to 70% of the specimen depth. The
specific energy absorption capability of this material was much below the
minimum required value and the shape of the load deformation curve was not
close to the ideal. Figure 20 presents typical load deformation graphs for
syntactic foam-filled nylon phenolic honeycomb and for the unfilled honeycomb.
The syntactic foam-filled honeycomb had a load deformation plot with a
slight peak at the beginning and end of the stroke, otherwise it approached
an ideal shape; however the energy absorption efficiency was not close to the
minimum value required. The unfilled nylon phenolic honeycomb load de-

formation plot as shown was an ideal shape. The 3/16-inch cell size shown
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in Figure 20 was the cell size which had a specific energy efficiency of
14,400 ft-1b/1b and therefore represents a considerable improvemént over
aluminum alloy honeycomb as an energy absorption structural element. All
crushed material from these element tests was collected and prepared for

radio frequency transparency testing.

Fragmenting Tube Tests.- A evaluation of the results of the pre-

liminary tube tests indicated that 143 fabric, which is highly directional in
strength, could not be used because the tubes split rather than commencing

to fragment. The 181 bi-directional fabric furnished good fragmenting
results in some cases, especially with the higher strength epoxy resin
system; consequently the test program was limited to 1.0-inch-diameter
tubes with 181 fabric laminates with an epoxy resin system fabricated by a
hand layup process. The results of the test program are tabulated in Table V.
All testing was conducted with steel dies at a 1.0-inch-per-minute loading
rate. There were more than 50% of the tubes tested which qualified for the
10,000 ft-1b/1b specific energy restriction with one tube fragmenting at a
specific energy level of 25, 200 ft-1b/lb. This particular tube was made with
four plies and had a tube to die t/r of 0.682. This ratio was lower than the
ratio which was used in the preliminary tests which also resulted in a similar
energy value. An examination of these results indicated that scatter between
tubes of similar dimension was significant. An investigation of the fragmented
tubes indicated that a different fabrication process should improve the re-
peatibility of results among similar specimens and scatter could be reduced.
It was also concluded that the splitting in the 143 tubing may also be at-
tributed to the hand layup fabrication process. As a result of the indicated
scatter in the tests shown in Table V, additional testing was planned using a
new method of fabrication for the tube specimens. The new series of tubes
were fabricated on the tape wrapping applicator which is illustrated and
described in the specimen fabrication section of this report. Onc feature of

the applicator is that the fabricator can apply a 3000-1b pressure to the
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NYLON PHENOLIC HONEYCOMB

3/16" CELL SIZE, 9 LB/FT3

4" X 4" SURFACE AREA ‘
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mandrel to remove all entrapped air and to ensure a positive bond between
laminate layers. The new series of tubes were also 1.0-inch diameter
fabricated with an epoxy resin system and with fabric weaves of 181 fabric
and of 14'13 fabric oriented in the hoop direction for some tubes and in the
longitudinal direction for other specimens. A theory that the primary
contribution to the fragmenting efficiency of tubing is in the breaking of the
longitudinal fingers after the tube splits into multiple fingers was borne out
by tests of the 143 fabric specimens as shown in Table VI. Splitting was
again encountered in the longitudinally oriented 143 fabric specimens, but
those specimens which did fragment provided the highest specific energy
values for longitudinally oriented 143 fabric, and the lowest values for the
hoop oriented fabrics. The highest value of the program was obtained in
these tests with 28,400 ft-1b/1b specific energy for a four-ply longitudinally
orientated 143 fabric with a t/r of 0.330. The 181 fabric tubes showed
repeatability in specific energy for similar geometry and the highest value

with this fabric weave was 23,800 ft-1b/1b for a t/r of 0.565.

The actual fragmented tube debris which was obtained for the
differently orientated fabrics and different weaves varied with the fabrics
and the weave orientation as shown in Figure 21. A typical load deformation
plot for a 181 fabric weave epoxy resin system tube is shown in Figure 22.
There is no initial peaking of the curve at the beginning of the stroke and the
magnitude of the load oscillation during the stroke is much smaller than was
obtained in the fragmenting tests of aluminum alloy tube. Several additional
tubes in this extra series were tested at 20.0 inches per minute as compared
with the program test rate of 1.0 inch per minute. Figure 23 illustrates the
fragmented tube after the high loading rate run. The actual shape of the load
deformation curve was rectangular with no initial peaking and with no signifi-
cant oscillation of the load level with stroke as was recorded in the low-speed
run. The specific energy obtained for the high-speed run was slightly higher

than that obtained for a similar specimen run at 1.0 inches per minute.
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RADIO FREQUENCY TRANSPARENCY TESTS

General Requirements. - The principal objective of this

program is to develop an efficilent energy absorption structural
element which will also be radio frequency transparent within
specified 1limits. The structural elements which were tested for
radio frequency transparency were open cell elements and solld
materials. The open cell types were nylon phenolic honeycomb
and epoxy resin system glass-fiber-reinforced tubing. The solid
materials were syntactic foam material, glass macro-balloons and
epoxy resin matrix, and nylon phenolic honeycomb filled with
syntactic foam. The factors which influence the radio frequency
(rf) power transmission through a dielectric body include the
frequency of the rf energy, the angle of incldence of the in-
coming wave, and the dimensions of the dielectric material. The
specified rf parameters were as follows:

1. Radio frequency range: 100 to 2000 megacycles

2. Dielectric constant range: 1.0 to 10.0

3. Loss tangent range: 0.03 to 0.05.

In general, it can be stated that for maximum power trans-
mission the energy absorption materials should have the lowest

possible dielectric constant and loss tangent.

Test Set-Up and Procedure. - The test program was planned

to establish the radio frequency transparency of crushed and
uncrushed selected structural elements. Since the dielectric
constant and loss tangent for the uncrushed materials were
available from the materials producers, these known parameters
were utilized in a rf attenuation equation to determine attenua-
tion over the specified band of frequencies for the uncrushed
elements. The test program was limited, therefore, to the deter-

mination of the attenuation over the specified band of frequencies

for the crushed materials.

The material's coaxial test fixture which was used for testing

the four material types 1s shown in Figure 24, This fixture,

Sl




which is a 50-ohm, solid-air coaxial transmission line, 1is one
meter is length, and has GR flttings at each end. When testing
a given sample, the crushed material was inserted as uniformly
as possible between two plexiglass discs as shown. The actual
length of the material sample can be accounted for in the rf
insertion loss equation; however, one meter length makes the
calculation more expeditious. In addition, for low loss mater-
ials, too short a length ylelds absolute loss values less than
the accuracy of the equipment setup.

The relationship of the coaxial fixture with the rest of
the test set-up 1is shown schematically in Figure 25. The rf
insertion loss of one meter length for the test sample can be
determined from the following relation:

L, = P, - (PO + Pr)
where
LS = sample rf insertion loss in db
Pi = 1nput power level in dbm
PO = output power level in dbm
Pr = reflected power level in dbm

The schematic test setup in Figure 25 indicates the three positions
of the power meter so that Pi 5 PO , and Pr can be obtained for
computation of the test sample rf loss LS in the above equation.
The actual laboratory test setup for this schematic system is

shown in Figure 26. The power meter 1s shown centered behind

the l-meter, 5/8-inch coaxial line. The input and output couplers
are shown at the edge of the bench at each end of the coaxial

test fixture. The signal generator is located behind and

slightly to the right of the power meter on the shelf above the
test bench.

Discussion of Results. - Prior to the rf testing of the four

crushed specimens, an rf attenuation measurement was conducted
on a nylon rod. This fest was conducted to establish the degree

25
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of correlation between experimental and predicted attenuation
characteristics of a known solid material. The results are pre-
sented with attenuation as a function of frequency over most of
the 100 to 2000 megacycle spectrum (Figure 27). The results in-
dicated agreement to within less than 1 db about the predicted
amount of insertion attenuatlon which is within the accuracy of

the test setup measurements.

The attenuation a8 a function of frequency over most of the
100 to 2000 frequency range 1s presented in Figure 27 for two
open cell type materials, crushed 3/16-in cell size nylon pheno-
lic honeycomb, and fragmented 1.0-inch-diameter epoxy resin system
glass-fiber-reinforced tubing. A similar attenuation variation
with frequency 1s shown for two closed cell or solid materials
in Figure 28. This latter presentation shows both crushed syn-
tactlic foam and crushed nylon phenolic honeycomb filled with
syntactic foam. The test results are shown with connected test
polints, the other plot is a predicted attenuation with a + 1 db
upper and lower limit of measurement accuracy also plotted about
this calculated line. If it is assumed that the power meter ex-
hibits an accuracy of + 0.5 db and that any power drift of the
signal generator remains within 0.5 db of its original setting
while the power measurements are made as previously described,
then a measurement accuracy of + 1 db 1s reasonable. The pre-
dicted curves in each of these graphs were determined by calcu-
lating the dielectric constant and loss tangent values from
Appendix B equations (7) and (11), respectively, of open cell
crushed material, honeycomb and tubing, and using these para-
meters in equation (4) or nomograph Figure B-1 of Appendix B
to calculate attenuation for a range of frequencies. Similarly,
for the closed cell or solid materials (syntactic foam and
honeycomb filled with syntactic foam), Appendix B equatlons (5)
and (10) are used for dielectric constant and loss tangent, re-
spectively, in equation (4) or Figure B-1 nomograph. The
materials producers' dielectric constants and loss tangents for
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the materials and the calculated crushed element values are tab-
ulated in 'Table VII.

TABLE VII

MATERIAL CHARACTERISTICS FOR ATTENUATION PREDICTION

Dielectric Constant Loss Tangent
Element Element Crushed Element Crushed
Material Element Material Element

Nylon Phenolic 1.07* 1.21 .0010% . 0028
Honeycomb
181 Fabric 4,15* 1.33 . 0240% . 0048
Epoxy Resin .
Laminate Tube
Syntactic Foam 1.62 1.51 .0123 .0105
Epoxy resin 1.80% .0150%
Glass macro-balloons 1.25% .0100*
Nylon Phenolic 1.58 1.54 .0119 L0113

Honeycomb & Foam

*¥Materials producer data: All other values
tabulated are calculated.

Agreement between measured and predicted values as presented
on the graphs for open cell materials such as the nylon phenolic
honeycomb and the fiberglass tubes is close. These materials and
elements were also the most mechanically efficlent as energy ab-
sorbers. The comparisons between calculated and measured values
for the solid materials such as the syntactic foam and the foam-
filled honeycomb showed that the measured level of rf insertion
loss was approximately 3/4 to 1 db above the measurement error
tolerance 1imit level over most of the frequency range. This
difference may be due to the fact that the materials producers
quoted constant values for € and tan § for syntactic foam listed
in Table VII for the entire range of frequencies when it has been

observed that these properties may vary with frequency.
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CONCLUSTIONS

The results of all the tube fragmenting tests for both the
hand- and tape-wrapped tubes are presented with the parameter
t/r as a variable in Figure 29. The epoxy resin systems are
distinguished by the solid dots in the graphs. It was deter-
mined that even when the parameter t/r was plotted cubed as
was done in the previous investigations for aluminum tubing there
was considerable scatter in the results and the variation with
(t/r')3 of the fragmenting stress could not be determined from
these results. When the test results were replotted using the
ply thickness as a parameter (Figure 30), the results were
shown to be separated into two distinct groups, a scatter band
for hand-wrapped specimens and a narrow band which increased in
stress level with number of plies for tape-wrapped specimens.
The tests of hand-wrapped specimens were for various t/r; there-
fore, more scatter could be expected from these differences
while the tape-wrapped tubes were tested on dles which were con-
sidered to give the near optlimum ratio t/r range of approximately
0.350 to 0.400. The strength of glass-fiber-reinforced laminates
has been definitely established to vary in the manner shown for
the tape-wrapped tubes in Figure 30 for thicknesses of 1/4 inch
(25 plies) and less, and equations are provided in MIL-HDBK-17
for expressing this variation in material strength and stiffness.
It can be suggested that larger tubing with wall thicknesses
which are not sensitive to this strength variation may prove to
be even more efficient than the best tubes tested in thils program.

A parametric design graph 1is presented in Figure 31 for use
in determining the usable stroke of an energy absorption system
when the limiting impact load factor and impact velocity is
specified. This graph shows that for the specified range of
10 to 1000 g's for this program, a 12-inch usable stroke satis-
fies an impact velocity range of 25 to 300 feet per second.
These long strokes, and longer, can be
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more easily handled by fragmenting tubes than in crushing honey-
comb, but this program has demonstrated that both structural ele-
ments are efficient radio-frequency-transparent, energy-absorption

systems.

The results of the honeycomb crushing tests and the tube
fragmenting tests are presented as design type graphs 1in Figures
32 and 33, respectively. The procedure for using the honeycomb
material in design would be to first use Figure 31 to establish
usable stroke length. From Figure 32, after the payload welght
(W) has been multiplied by the limiting impact load factor (nx)
and divided by the cross sectional area to be covered by the
honeycomb (A), the crushing strength (FCC) determined from these
parameters is used to enter the graph and read the required den-
sity from the curve for nylon phenolic honeycomb. Adjustments
can be made on the honeycomb area (A) and density until the point
on the curve coincides with available cell size material. A
similar design procedure can be used with the tube fragmenting
bar chart shown in Figure 33. The paylcad weight is multiplied
by the impact load factor and then in this case 1is divided by an
estimated number of tubes to be used for the fragmenting process.
When the chart is entered with this parameter, the number of plies
for 181 fabric epoxy resin system tubing of 1.0-inch inside dia-
meter are determined as is also the weight per inch of tube
length. If additional tube sizes are tested these can be added
to this chart to make 1t more complete. A rapid calculation of
energy absorption system weight can be made for these two energy
absorption structural element types by the use of Figures 32 and
33.

The results of this experimental investigation have estab-
lished that both the tape-wrapped glass-fiber-reinforced plastic
tubing when fragmented over a die and the nylon phenolic honey-
comb when crushed represent efficient methods of energy absorption
for structural elements which are also radio frequency trans-

parent.
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The results of this program have established that the tape-wrapped
glass-fiber-reinforced plastic tube when fragmented over a die is competi-
tive with' the most efficient aluminum tube energy absorption process. It
was also established that both the GRP tube process and the crushing of
nylon phenolic honeycomb represent efficient methods of energy absorption

at rates of 1.0 inch per minute, and that these structural elements are

radio-frequency transparent before and after energy absorption.

The application of new mechanical deformation types of energy
absorption processes requires consideration of the actual mission environ-
ment of spacecraft landing systems, such as actual landing impact velocities,
impacting with horizontal components of velocity, and exposure of landing
systems to temperature before landing. In addition, there are newer
plastic materials, new glass reinforcements, and other structural
geometries to consider before efficient radio-frequency-transparent energy
systems can be developed for a vehicle system. In order to realize the
potential of these new processes, a supplementary research program is
recommended which embodies the following tasks:

1. Additional element tests of newly developed high-temperature

resin systems and of new non-woven and woven glass fabrics
as tubing of varying diameters and as honeycomb elements.
These additional element tests would include impact loading
rates corresponding to the actual landing system environment.

High temperatures would also be simulated corresponding to
eventual systems applications,

2, Using the developments from the program reported herein and
the one stated in Item 1, application of the tube fragmenting and
honeycomb crushing processes to actual landing system design
for representative spacecraft.

The systems would be designed to use the elements most effectively

for oblique angle of impact and tests would be conducted so as to demon-

strate the adequacy of the system concept using these elements,
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APPENDIX A

Material Range of Application. - The range of application of any

.

impact absorber is a function of certain measurable parameters associated

with the impact absorption material and the impact absorption process.
Figure A-1 shows typical load-deformation curves for various energy ab-

sorbers. For an ideal energy absorber the energy normal to the surface

—m n

2
(1 v )is assumed to be absorbed, so that \
2

—-;-mvzzf Pdx = PL, (1)
(o]

1
and _ E‘ m V
P - e _n (2)

Since the force P is constant for an ideal energy absorber, and the velocity

Vn is assumed to be reduced to zero in stroke L,

2
\'2 = 2aL (3)
n
or A\ 2
n
= 4
a o1, (4)

If we assume that the energy absorber is one in which the material is

crushed (such as plastic foam or honeycomb material), then

P=- F A; (5)
cc
or A = E/f‘ , (6)
cc

where Fcc is the crushing stress and A is the contact area.

For real impact absorption materials, the actual load-deformation

curve may be approximated as shown below. |

Tl



s1aqiosqy A81ouj snotiep I0J $3AIny) uUOIRWIOJI(-PeOT [Bo1dAL

(%) 330X3S STQETTEAY

"1-v 2andrg

00T 08 09 oY
rg
’
/7
’d
] b m
Lﬂ\ﬂ \; \ qm.
3pg 13V — | |\ / /7 5
. 7
/ TeapI s
J
(@]
C Y Lad B @
D P d ™ \ —
- - RN
o, J* Sy S~
- 001
I
31q » eqny
aTqt3ueay E::w.as:l\ !
| 4 quo o£auo
| 7/ TUTInT ¥ 06T
| /
A/
|
|

T2




A Initial

‘ Peak Bottoming

Forge | Ave. Crushing Force (P)

— Actual ‘

——Approximation :
|

i i 'y

0 2 4 .6 .8 Lo >
AVAILABLE STROKE ~L'

Since for many crushable impact absorption materials the usable stroke L
is approximately 75 percent of the available stroke L', the available stroke
is set at 4/3 L. Then the volume V of the impact absorption material is
V= A (4/3L) (7)
If p is the density of the impact absorption material, then the earth weight

of this material, w, is

w o= Vp = [A(4/3L)] . (8)
J
p

Combining Egs 2, 6 and 8,

2
o —;'m Vrl
w = (P/FCC) (4/3L)p = TT.—-——(4/3L)p ,
2 W 2/= cc
°r YT 3 Vn/Fcc/P’ )
where W = total earth weight of impacting vehicle, lbs.

The quantity (f‘cclp ) is the ideal specific energy absorption capacity Esp
of the material, measured in ft-1b/1lb, so that

PL P/A Fe.
E = —_— = —— = —_——
sp pAL [ 1

(10)
Equation 9 may be written as a weight fraction w/ W, which represents the
fraction of the total weight of the impacting vehicle required for impact ab-
sorption material, so that

2 1 n
3 (32.2) E

n

{
1l

0.0207
sp 5p

(11)

=€

>



Equation 11 is shown plotted versus impact velocity Vn for several different
honeycomb and plastic foarmn materials in Figure A-2. Also plotted are the
weight fractions for aluminum frungible tube and nylon air bags. Since
the frangible tube process can utilize 100 percent of the available stroke,
the weight fraction relation for this material is given by

2 Vv 2

1 n n

W
— = _ 0.0
w 2(32.2) E 0.0155
sp sp

frangible tube

(12)

The curves presented in Figure A-2 are idealized, in that the weight fractions
include only the impact absorption material and do not include the weight
fraction of additional components* that may be required for proper operation

of a real impact absorption system.

It is important to note that Figure A-2 presents a weight fraction,

based on unidirectional impact of the lander vehicle. Furthermore, it is

assumed that all the impact absorption muaterial carried by the lander
vehicle is fully utilized in the landing impact. For the case of a lander
vehicle capable of landing in any attitude, it is obvious that redundancy of
impact absorption material is necessary. If it is assumed that the lander
vehicle is spherical, with the impact-absorption system completely sur-
rounding the vehicle (as shown in Figure A-3), the impact absorption
redundancy factor is calculated to be

Redundancy Factor = w' = 2 (13)
A 1 - cos ?

where: w = total weight of impact-absorption material, lbs
w'= weight of effective impact-absorption material, lbs

¢ = spherical angle of impact absorption material effectiveness,
degrees

By "additional components' is meant the dies for operation of frangible
tube devices, load distribution plates for honeycomb or foamed plastic
material, air blowers or compressed air bottles for air bags, etc.

Th
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Ifpis set equal to 60 degrees, a value felt to be compatible with honeycomb

and frangible-tube type impact absorbers, the redundancy factor is

2 .
RE = 1 - cos 30° = 15

Figure 4 presents the weight fractions of impact-absorption material for a
spherical, omnidirectional lander vehicle. The various curves are those
presented in Figure A-2, increased by the stated redundancy factor. In
Figure A-4 a value of 0.10 (10%) was selected as an upper limit for any real
system application. With such a limit, it is possible to establish a practi-

cal upper limit for the impact velocity for each type of impact absorber.
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APPENDIX B

Rf Loss Determination of Dielectric Materials. - There are two

primary electrical parameters which define the absolute dielectric constant
of a non-magnetic isotropic material. These are the real relative dielectric
constant, €', and the relative loss factor, €'', which are related to the

sl

relative absolute complex dielectric constant, € ‘, as follows:

x . .
€ - €i-jen (1)

The term €' is associated with the ability of the dielectric material to

store energy and €'' is associated with the dissipation which occurs in the
material. From knowledge of these two parameters, another useful para-
meter, the loss tangent (tan § ), is utilized to define the quality factor, Q,

of the material where

1
Q = tan8 (2)
and
(Il
tan® = W (3)

The techniques and methods to be employed for determining these
primary electrical parameters of crushable rf materials for the develop-
ment of a radio frequency transparent, energy absorbing, structural
element involves a standard test method which employs the use of a nomo-
gram.

A. Von Hipple has derived a universal normalized equation which
relates the dielectric constant and loss tangent of a material at any given

operating wavelength, /\0, in meters as follows:

rf 1/2
. o 2m\ | e ‘/ 25 - db
insertion = 8.686 ()\ > > < l +tan l) Seter

loss o

~ B8.686 mtan S 4/¢ !
X \j

(o]

(4)



This equation has been nomographed and is reproduced as shown in Figure
B-1 for low-loss dielectrics. It should be noted in this nomogram that
€'/ ‘o is defined as the relative dielectric constant and u/yo is the relative

permeability (one for nonmagnetic materials).

However, in order to expedite measurements on crushable rf-
transparent materials most economically, it was decided that the rf
insertion loss measurements be made only on crushed samples. Since the
relative dielectric constant and loss tangent of the standard materials
utilized are known parameters, the rf insertion loss over a band of fre-
quencies can be computed or predicted from the nomograph in Figure B-1.
Consequently, if the insertion loss characteristic of each material in a
crushed state is determined by measurement, a comparison analysis can
then be made of the effects on a particular material in its crushed state

with its static or uncrushed state.

The predicted loss of any given material is readily determined from
the nomogram as follows. The choice of dielectric material specifies the
value of the dielectric constant and the loss tangent (two points on the right
hand vertical line). At some particular operating frequency or wavelength,
the rf insertion loss through l-meter thickness of the material can then be
determined by noting the proper intersecting points on each of the three
vertical lines of the nomogram (see insert key in Figure B-1.) This value
of predicted loss is then correlated with the measured value to note any
degrading effects in the electrical properties of the material.

Dielectric Constant and Loss Tangent of Compound Dielectric
Materials. - The relative compound dielectric constant ¢ m of a

mixture of two materials is given empirically by the following relations:

e = (€)* (€ (5)

1 = a+hb (6)
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The terms a and b are the volume fractions of the two component

materials and ¢ 1 and € 2 are the respective dielectric constants.

When the energy-absorbing structural material exhibits a rather
low dielectric constant due to the incorporation of air into the cell structure,

a change in the compound dielectric constant may be related as follows:

P
m
€ = € ( Po ) (7)
m o}
where
50 = original dielectric constant of the compound open cell

material of density P,

€ = compound dielectric constant of the crushed open cell material
of density p
m
From equation (2), the loss tangent is related to an effective Q
factor of the material. Thus, the compound dielectric loss tangent may be

equated through the respective Q factors as follows:

1 1 1
= = = + = (8)
Qm Ql QZ

From equation (2), equation (8) becomes

tan Sm = tan 81 + tan 52 (9)

Taking into account the volume fraction of each material, the loss

tangent of a compound dielectric may be approximately equated as follows:
tan 8§ = atan 8§ + b tan O (10)
m 1 2

As before, for low dielectric air filled cell structures, the equivalent com-

pound loss tangent becomes approximately

P
tan Sm = (’pg) tan 80 (11)
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where

tan 0 = original loss tangent of the compound open cell material
© of density

tan O = loss tangent of the crushed open cell material of
m density Pm

Equations (7) and (11) normally hold for values of ‘o less than 1. 15 and
tan 50 less than 0.005.
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APPENDIX C

.

The honeycomb and the fragmented tube structural elements were
determinéd by the tests conducted in this program to be the most efficient
radio frequency transparent structural elements of those evaluated. An
additional consideration as part of this program is to determine, within the
limits of engineering accuracy, whether the efficiency can be predicted by

analytical formulations which would contain the significant material and

geometric parameters.

Honeycomb Structural Element. - A method which determines the

parameters controlling the crushing stress of a hexagonal cell honeycomb
element was presented by McFarland. The method has been verified by
experimental results for aluminum honeycomb. A simple mode of collapse
of the hexagonal cells was assumed based on experimental observations,

and from this the collapse mechanisms were determined. The limit analysis
techniques were then applied to the collapse mechanisms, and the energy

of deformation computed. The deformation energy was considered to be
contributed to by both bending and shear, hence the resulting expression
contains a material compression strength, Fc , and also a material shear

strength, Fsu’ as follows:
F = F (t /s)Z (4. 750/K + 28.628) + 1.155 F (t /s) (1)
cc cy ¢ su ¢

The above average crushing stress equation contains a K term, an average
value of which is considered to be 0.40, and which represents the ratio
of one-fourth of a buckling wavelength to the width of a cell wall. By sub-

stitution and rearranging equation (1) the new expression is:
F = (t/s)F [40.503(t /s)+1.155 F [/F ] (2)
cc C cy c su ¢y

The term t /s is the ratio of the core foil thickness to cell size which may
C

be expressed in terms of the ratio of core density to material density (P /P)
C
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for hexagonal cells as:

t /s = (P /pP) (3/8) . (3)
c c

substituting equation (3) for the t /s terms in equation (2) then: )
c

F F
cc . 3 oy 40.503x 3 %X PetiussF gF (4)
P, g P 8 P su' " cy
or
F F
Fcc _ cy K1 Pe s K2 su (5)
Pe - e P F
cy
where K1 = 4.69
= 0.433
KZ

The specific energy for a honeycomb element can be determined by
considering a cubic element 1 foot on a side. The average crushing load is
the crushing stress (FCC) in psi times the loaded area in square inches (144);
the stroke is equal to the length of 1 foot and the specific energy is the load
times the stroke divided by the weight of the cubic element which is the
honeycomb density ( PC) in pounds per cubic foot. Then the specific energy
absorption capability for honeycomb.is:

144 F_

Esp = —-——TC—E' (6)

This equation is the same as equation (5) with the addition of 144 as a constant.

Then for honeycomb:

F_ . P S
Esp=—1p Kl—p—+K2F (7)
cy
1
where K1 = 675
K_= 62.4

Consider MIL-HDBK-17 phenolic material property values to be

represcentative of nylon phenolic honeycomb material properties for a core




density of 9 1b/ft3 ( pc); material density of 110 per cubic foot (P);
material compressive strength of 30,000 psi (Fcy) (this is actually an
ultimate strength (Fcu) for fiberglass); material shear to compressive
strength ratio (Fsu/Fcu) of 0.316. Then the substitution of these values

in equation (7) results in the following:

30,000
E = Y 1 675(9.0/110) + 62.4(0.316)
sp 110 |
E = 20,400 ft-1b/1b
sp
For 75% effective stroke:
Esp = 20,400 x 0.75 = 15,300 ft-1b/1b.

The actual test values for nylon phenolic honeycomb in 9.0-1b
density were 14,400 ft-1b/1b for 3/16-in cell size as reported in Table IV.
It is believed that there would be higher values which would approach the
15,000 figure for specimens with the same stroke but of a much larger
loaded area, since edge conditions on the specimens tested would reduce the
efficiency from the theoretical value. It is concluded that equation (7) is
representative of the parameters of fiberglass honeycomb geometry and

material properties which define its specific energy absorption capability.

Fragmented Tube Structural Element. - The sequence of events in

the fragmenting of a tube over a die may be described first as a hoop
expansion of the tube end over the die groove, which represents a lip
bursting stress plus a rolling action, which in turn represents a running
moment around the circumference of the tube end tending to turn the tube
inside out. This action was demonstrated on the vinyl tubing in Figure 8
where these tubes were turned inside out. As the tube is stretched over
the die groove, tube friction on the die contributes to the energy absorption
process. When the tube is stretched farther to the hoop strength failure
stress level, it splits into a series of longitudinal fingers. These fingers

are pushed around the die groove causing an additional friction, and the
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bending action on these fingers causes fragmenting. The question as to
what contributes most to the energy absorption efficiency; i.e., friction
before bursting of the tube, friction after the fingers are formed and bent,
or fragmenting of the fingers, may be answered by studying test r;:sults.
Some indication of the significant parameters can be determined by
examination of several tubing types retabulated from Table VI. These

tubes were all tested on a die with the same radius (r = 0.100).

Fragmen- Tube Hoop Properties i;zc:ﬁc

Plies ting Modulus Strength Strain E 8y

Direc-  Stress E/10° Fy T Sp
Weave tion ksi psi ksi in. /in. % r ft-1b/1lb
181 6L 19.15 3.14 42.4 .0125 6.25 23,800
143 4L 25.00 2.08 10.2 .0490 24.50 28,400
143 4H 11.05 5.12 85.0 .0166 8.30 12,300

This tabulation indicates that the most efficient tube was the longitudinally
oriented 143 fabric weave, and that its efficiency is more than twice the
efficiency of the hoop direction 143 weave, The %r column is an indication
of the distance the tube lip has penetrated by stretching into the die groove
of radius r. A comparison between the bi-directional 181 tube and the hoop
directional 143 tube shows that the penetrations are similar yet the hoop
direction 143 material properties are so much stronger than the 181 hoop
properties that if friction before fragmenting were the major contribution,
the 143 tube should have been the more efficient. If the assumption is made
that the longitudinal bending strength and stiffness of the fingers is the most
significant property, then the high efficiency of the 143 fabric longitudinally
oricntated is proof of this assumption., The limitation on use of longitudi-
nally oricnted 143 fabric is that the corresponding hoop strength is so low,

conscquently when splitting commences it may become a self propagating
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crack and the whole tube splits as has happened. The bi-directional 181
fabric, which has a high specific strength, actually represents a more
reliable compromise on the use of orthotropic materials for tube fragment-

. . «
ing energy absorption processes.
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